Objective: To examine zinc-protoporphyrin (ZPP) and haemoglobin levels, and to determine predictors of iron deficiency anaemia (IDA) in Zambian infants. Subjects and methods: Ninety-one women and their normal birth weight (NBW) infants were followed bi-monthly during the first 6 months of life, and iron status, food intake, malaria parasitaemia and growth were monitored. At 4 months, the infants were divided into two groups, and the data were analysed according to whether or not they were exclusively breastfed. Results: Almost two-third of infants were born with low iron stores as defined by ZPP levels, and this proportion increased with age. Over 50% had developed IDA by 6 months. Exclusive breastfeeding at 4 months could be a protective factor for IDA (odds ratio (OR): 0.2; 95% confidence interval (CI): 0.0-1.1). Exclusively breastfed infants had higher haemoglobin values at 4 and 6 months (mean difference 0.6; 95% CI: 0.1-1.2 g/dl and mean difference 0.9; 95% CI: 0.2-1.7 g/dl, respectively), compared with infants with early complementary feeding. In univariate analysis, past or chronic placental malaria appeared to be a predictor of IDA at 4 and 6 months, but the significance was lost in multivariate analysis. Conclusions: Zambian NBW infants are born with low iron stores and have a high risk to develop IDA in the first 6 months of life. Continuation of exclusive breastfeeding after 4 months is associated with a reduction of anaemia. The effect of placental malaria infection on increased risk of infant IDA could not be proven.
Introduction
Early infancy is a period of rapid growth with high iron requirements. In the absence of iron supplementation, over 50% of infants in resource-poor countries develop iron deficiency anaemia by the age of 6 months (van Eijk et al., 2002; Schellenberg et al., 2003; Crawley, 2004) . Iron deficiency anaemia is associated with increased mortality (Brabin et al., 2001; Brabin et al., 2003) , and has been related to impaired mental and motor development (GranthamMcGregor and Ani, 2001) . Iron endowment at birth is necessary to protect the child from iron deficiency during the first months of life, when breast milk is the only available source of iron (Michaelsen et al., 1995) . Thereafter, dietary iron becomes critical. From a macronutrient point of view, exclusive breastfeeding is recommended for the first 6 months of life for infants in resource-poor settings (Kramer and Kakuma, 2002) . However, this recommendation might not be beneficial to infants born with low iron stores (Dewey et al., 1999) , as breast milk contains little iron. In subSaharan Africa, complementary foods and family foods are often introduced at much earlier ages than recommended. The implications of this for infant iron status and anaemia are unclear.
Zinc protoporphyrin (ZPP) levels can be used as a proxy for total body iron contents. Raised ZPP levels indicate incomplete iron incorporation into protoporphyrin, as zinc substitutes for iron when stores are low. ZPP is regarded as a sensitive indicator of iron deficiency (Rettmer et al., 1999; Juul et al., 2003; Miller et al., 2003; Kling, 2006; Lott et al., 2006) .
We followed a cohort of Zambian mother-infant pairs from birth to 6 months post-partum and examined their ZPP and haemoglobin levels in relation to their feeding pattern.
The aim of this analysis was to determine factors associated with iron deficiency anaemia in these normal birth weight (NBW) infants.
Methods
Study area, enrolment and study population The study location was Mpongwe District, a rural region of the Copperbelt Province in Zambia, approximately 1000 m above sea level. Malaria transmission in this area is holoendemic. Peak malaria transmission occurs from November to April. A total of 91 pregnant women in the latent phase of labour attending the labour ward at Mpongwe Mission Hospital were recruited from May to July 2004 as part of a randomized controlled trial investigating the effects of delayed cord clamping on haematological status in full-term infants. This trial, registered under the controlled-trials.com identifier ISRCTN48735857, has been described in detail elsewhere (van Rheenen et al., 2007) . The women had uncomplicated singleton pregnancies and their babies were included in the study when the birth weight was over 2500 g. The cohort of mother-infant pairs was followed bi-monthly during the first 6 months post-partum. Except for the cord clamping, no other interventions were introduced. At 4 months, the infants were divided into two groups, according to whether or not they were exclusively breastfed.
Data collection
Labour ward. A structured survey questionnaire was used to gather past obstetrical and medical details, and a venous blood sample was taken from the mother in the first stage of labour for determination of haematological status and to obtain a malaria smear. Following vaginal delivery of the baby and clamping of the umbilical cord, a sample of cord blood was collected for laboratory analysis, while the placenta was still inside the uterus. Birth weight was measured using a Salter balance (nearest 10 g). One cubic centimetre tissue samples were obtained from a central position of the maternal surface of the placenta, half the distance from the centre to the edge of the organ and placed in 10% neutral buffered formalin for fixation. From the blood present in the placenta biopsy site, a malaria smear was made. Assessment of gestational age was made using the Ballard-ext method (Verhoeff et al., 1997) shortly before discharge from hospital.
Infant follow-up. Mothers living within a radius of 4 km from the hospital were asked to return to the hospital-based Mother and Child Health Clinic every 2 months. Nonattendees and mother-infant pairs living further away were visited in their villages by the investigators to reduce loss to follow-up. At 2 months, baseline data concerning socioeconomic and demographic background were collected. Literacy status was assessed by asking the mother to read a simple sentence in the local language. Maternal weight was estimated in bare feet (nearest kg) using a standing weighing scale, and height (nearest cm) was measured using a height board. Mid-upper-arm circumference (MUAC) was measured on the right arm, hanging loosely, with a TALC insertion tape (TALC, St Albans, UK) and recorded to the nearest 0.1 cm. At each follow-up, visit information was collected on infant feeding practices and morbidity in the previous 2 months. Infants' finger prick blood was collected at 2, 4 and 6 months to assess Hb, ZPP and malaria smear. Infants with Hb concentrations below 7 g/dl at follow-up were given therapeutic iron supplements for 2 months. Infants with malaria were treated with a therapeutic dose of sulfadoxinepyrimethamine following local guidelines. All other illnesses were treated or referred as required.
Laboratory investigations
Blood samples were collected in EDTA microtainers (Becton Dickinson, Franklin Lakes, NJ, USA) and immediately stored at þ 41C. Within 6 h the Hb level was measured using a HemoCue (HemoCue AB, Ä ngelholm, Sweden) and packed cell volume (PCV) by Micro-haematocrit. ZPP level, in mmol/ mol haem, was assessed using a ZP Haematofluorometer (Aviv Biomedical, Lakewood, NJ, USA) within 48 h of collection. Blood smears were examined for malaria parasites. A thick smear was considered negative if 100 microscopic fields revealed no parasites. For positive smears, malaria parasites were counted against 300 leukocytes. The placenta tissue samples were kept up to 9 months until processed and embedded in paraffin wax by standard techniques. Paraffin sections 4 mm thick were stained with haematoxylin and eosin.
Definitions
Exclusive breastfeeding was defined as breast milk with no other liquids or solids. Fetal anaemia was defined as a cord Hb less than 12.5 g/dl, which is two standard deviations below the mean cord Hb for non-malarious Western populations (Brabin, 1992) . Infant anaemia was defined as an Hb concentration more than two standard deviations below the mean of similarly aged infants from an ironsupplemented USA reference population not exposed to malaria (Dallman, 1988) . Reference values for the ages of 2, 4 and 6 months were respectively 9.4, 10.3 and 11.0 g/dl. Anaemia in pregnant women was defined as Hb less than 11 g/dl (WHO, 2001) . Iron deficiency was defined as ZPP above 80 mmol/mol haem for adults and infants (Hinchliffe, 1999; Rettmer et al., 1999; Domellof et al., 2002; Juul et al., 2003; Soldin et al., 2003; Kling, 2006; Lott et al., 2006) . No published ZPP cutoff values are established to diagnose iron deficiency in cord blood. A recently published crosssectional study among babies born to non-anaemic mothers found that infants born after 35 completed weeks of gestation had mean ZPP levels in cord blood of 73 mmol/ mol haem (Lott et al., 2006) . As this result corresponded to normal values in older infants, we decided also to use 80 mmol/mol haem as cutoff for fetal iron deficiency. The combination of abnormal values for both ZPP and mean cell haemoglobin concentration (MCHC) is a more sensitive indicator of iron deficiency (INACG, 1985) . We used MCHC cutoffs of 32 g/dl for pregnant women (Letsky, 1991) and 28 g/dl for newborns (Saarinen and Siimes, 1978; Serjeant et al., 1980) . MCHC estimates were not available at 4 and 6 months follow-up. Iron deficiency anaemia was defined as HboÀ2 s.d. in combination with ZPP480 mmol/mol haem.
Malaria was defined as the presence of asexual-stage parasites in thick smears at follow-up, independent of the presence of clinical signs and symptoms. A history of a positive blood smear result at a local health facility together with clinical signs or symptoms of malaria in the last 2 weeks before infant review was considered as evidence for a recent malaria infection. The histopathological slides of placenta tissue were classified according to the criteria of Ismail et al. (2000) . Presence of parasites without pigment deposition is considered an acute infection, presence of parasites and a significant amount of pigment deposition a chronic infection and presence of pigment deposition without parasites a past infection. Adequate intermittent presumptive treatment was defined as at least two doses of sulfadoxine-pyrimethamine during the second and third trimesters of pregnancy. Adolescence was defined as less than 20 years of age.
Statistical methods
Data were collected on standardized forms, and analysed with SPSS for Windows, version 12.0.1 (2003). Student's t-tests and w 2 -square tests were used to compare baseline characteristics between groups. For non-parametric data, the Mann -Whitney U-test was used. All tests were two-tailed. A P-valueo0 Á 05 was considered significant.
The haematological follow-up data were analysed as continuous variables with analysis of covariance (ANCOVA) and as categorical variables with logistic regression. Baseline imbalances, which could influence infant haematological outcome (maternal Hb, parity, cord Hb and cord clamping time), were controlled for in these analyses. The longitudinal development of weight-for-age z-scores was analysed with the use of a multivariate ANOVA for repeated measurements. The multivariate ANOVA tested an age effect, a feeding practice effect, as well as the interaction between age and feeding practice.
Stepwise logistic regression with backward elimination was used to analyse factors related to iron deficiency anaemia in early infancy (up to 6 months of age). Only cases with a complete haematological follow-up (birth and 4 and 6 months) were included. Explanatory variables with a P-valueo0.10 in univariate analysis were included in the final multivariate model. This level was chosen because of the limited number of infants in the analysis. Effect size was expressed as odds ratio (OR) and 95% confidence interval (CI).
Ethical approval
The women were contacted in the latent stage of labour to obtain informed consent. The consent information sheet was written in Lamba, the local language. In cases of illiteracy, the midwife on duty read the form. Mothers gave written consent or a thumb impression. The research protocol was approved by the Research Ethics Committee of the Liverpool School of Tropical Medicine and by the Board of Management of Mpongwe Mission Hospital. The Mpongwe District Health Management Team, the Chairpersons of the health neighbourhoods (lay people representing the community for health issues) and the local chiefs were informed and all provided signed consent.
Results Figure 1 shows the study profile. Between May and July 2004, 91 mother-infant couples entered the study and were actively followed on a 2-monthly basis until the infants reached the age of 6 months. Infant haematological data were complete in 60 cases. The follow-up period ended in January 2005. During the follow-up period, four children died: one in the neonatal period, the others after 4 months of age. In two of these infants, mild anaemia had been diagnosed during the follow-up visit before death (Hb47.0 g/dl). Table 1 shows haematological characteristics, weight and feeding pattern of the cohort of infants. Almost two-thirds of the infants had low iron stores at birth, indicated by a ZPP value above the cutoff of 80 mmol/mol haem, and 13% of infants had fetal anaemia. Hb levels declined throughout the observation period and did not show a rise after the physiological nadir at 2-3 months. At 4 months, 73% of infants had iron deficiency, and 24% were anaemic. By 6 months, half of the infants were anaemic. Three infants had Hb levels below 7 g/dl at 6 months and received iron supplementation.
In the majority of infants, complementary foods were introduced early: by 4 months, only a third of the children were exclusively breastfed. The complementary foods used in the study population were maize-based porridges. At introduction, the porridge was thin with low energy density. The consistency became thicker (and more energy-dense) with increasing age of the infant. The early introduction of complementary foods was associated with a gradual increase in the number of diarrhoea episodes, as reported by the mother. At 6 months, more than a quarter of the infants suffered from diarrhoea in the 2 weeks before the follow-up visit. Malaria infections were not diagnosed before the age of 4 months. At 6 months, malaria was diagnosed in 13% of cases.
At 4 months, the cohort was divided into two groups, based on complementary feeding practice. Lost to follow-up (n=8)
Lost to follow-up (n=9)
Lost to follow-up (n=3) Figure 1 Study profile. that the mothers who were exclusively breastfeeding at 4 months and who introduced complementary foods early were comparable in terms of age, nutritional state, antenatal iron supplementation, the use of intermittent preventive antimalarial treatment, socio-economic status and literacy level. Mothers who introduced early complementary foods were more likely to be primigravidae (P ¼ 0.031). Maternal haematological baseline characteristics and placental histopathology did not differ between groups, and infants were comparable at birth in terms of anthropometric and haematological parameters and cord clamping times.
Haematological follow-up data show that for exclusively breastfed infants, Hb was significantly higher at 4 and 6 months (mean difference 0.6; 95% CI: 0.1, 1.2 g/dl and 0.9; 95% CI: 0.2, 1.7 g/dl, respectively, Table 3 ). The proportion of cases with Hb-values below the cutoff for anaemia was significantly lower in the exclusively breastfed group at 4 months (OR: 0.19; 95% CI: 0.04, 0.90), but not at 6 months (OR: 0.75; 95% CI: 0.28, 1.96). Although absolute ZPP values in exclusively breastfed infants were lower at 4 and 6 months (mean difference À29; 95% CI: À61, 4 mmol/mol haem and À43; 95% CI: À93, 6 mmol/mol haem, respectively), the proportion of infants with ZPP-values above the cutoff level for iron deficiency did not differ significantly. The proportion of infants with iron-deficient anaemia was significantly lower in the exclusively breastfed group at 4 months (OR: 0.19; 95% CI: 0.04, 0.90), but not at 6 months (OR: 0.88; 95% CI: 0.33, 2.29). At 6 months, the proportion of infants with a positive malaria smear was not different, but diarrhoea incidence was significantly lower in the exclusively breastfed group (OR: 0.23; 95% CI: 0.04, 0.84).
There was a trend with higher weight-for-age z-scores in exclusively breastfed infants, but this difference was not significant in multivariate ANOVA for repeated measurements (Figure 2) . Table 4 shows the results of the univariate and multivariate logistic regression analysis. In univariate analysis, past or chronic placental malaria was significantly associated with iron deficiency anaemia at 4 months (OR: 4.0; 95% CI: 1.1, 14.4) and at 6 months (OR: 3.8; 95% CI: 1.2, 12.5). A positive malaria smear at 6 months (OR: 8.5; 95% CI: 1.0, 75.2), maternal iron deficiency anaemia (OR: 3.5; 95% CI: 0.9, 14.1) and exclusive breastfeeding at 4 months (OR: 0.2; 95% CI: 0.0, 1.1) showed borderline significant associations with iron deficiency anaemia at 4 or 6 months. Iron deficiency anaemia at 4 months was a highly significant predictor of iron deficiency anaemia at 6 months (OR: 25.1; 95% CI: 3.0, 210). In multivariate analysis, the influence of iron deficiency anaemia at 4 months remained significantly associated with iron deficiency anaemia at 6 months. The significance of placental malaria was lost in multivariate analysis, and exclusive breastfeeding at 4 months remained marginally associated with protection from iron deficiency anaemia.
Discussion
This cohort study showed that in the absence of iron supplementation, over 50% of Zambian NBW infants developed iron deficiency anaemia by the age of 6 months. Almost two-thirds of the infants were born with low iron stores, and this proportion increased with infant age. Hb levels in the study population continued to decline after the physiological nadir at 2 months. This pattern is observed in other studies from sub-Saharan Africa with many infants reaching their lowest Hb values 6-12 months after birth (Kitua et al., 1997; le Cessie et al., 2002; van Eijk et al., 2002) .
Introduction of complementary foods before the age of 4 months was associated with a higher incidence of iron deficiency anaemia in these NBW Zambian infants who were not supplemented with iron. The decision to start introducing complementary foods early was not related to maternal health or nutritional status or to infant health, as study characteristics were similar between exclusively breastfed babies and those with early complementary feeding. The group who stopped exclusive breastfeeding early contained a higher proportion of primigravid women. This may be a chance finding or could indicate that their perception of insufficient milk supply was stronger. The average weight of infants was lower in the early complementary feeding group.
Early complementary feeding has been associated with growth faltering in breastfed Malawian infants and with increased risk of respiratory infection (Kalanda et al., 2006) . Growth faltering could also lead to interruption of breastfeeding with earlier introduction of complementary foods.
In that case the reason to supplement with porridge affects the outcome, rather than the supplementation itself: confounding by the indication (Miettinen, 1983) . The solution to this problem would be a randomized controlled design. However, it is very difficult to randomize a behaviour such as breastfeeding, which is inherently a part of a woman's motherhood. This issue has been discussed in a Kenyan study in relation to mother-to-child transmission of HIV in breastfed infants (Nduati et al., 2000) . Our findings support the conclusion of other investigators that complementary feeding before 6 months of age does not prevent infant anaemia in developing countries (Dewey et al., 2004) . Poorer haematological outcomes with early complementary feeding could relate to low bioavailability of food iron. In this study population the complementary foods used were maize-based porridges. Although the iron contents of these porridges is higher than the estimates for human milk (Dorea, 2000; Picciano, 2001) , bioavailability is much lower (o5%) than human milk (20-50%) (Griffin and Abrams, 2001) . Poor haematological outcomes with early introduction of complementary foods could also relate to an increased incidence of diarrhoea (Arifeen et al., 2001) . Almost two-thirds of iron losses in infancy occurs when cells are extruded from the intestinal mucosa with the remainder from cells shed from the skin and urinary tract. For this reason, during episodes of diarrhoea iron losses may be increased (Oski, 1993) . This is consistent with the significantly higher population of infants with diarrhoea at 6 months in the group who received early complementary foods. The haematological benefits of continuation of exclusive breastfeeding after 4 months disappeared at 6 months, when the need for iron for growth and to replace losses can no longer be met by human milk alone.
Infant anaemia is usually multi-factorial in origin, but malaria probably plays a key aetiologic role in endemic countries. The presence of histological evidence of past or chronic malaria infection in the placenta biopsy was a predictor for iron deficiency anaemia in infants aged 4 or 6 months in the univariate analysis. This effect disappeared in the multivariate analysis. The existence of a direct and causal relationship cannot be proven in this observational study, but others have also reported the effect of placental malaria infection on increased risk of infant anaemia (Redd et al., 1994; Cornet et al., 1998) . It is uncertain whether this association was owing to comparable malaria exposure in mothers during pregnancy and their infants after birth, or whether it is related to recrudescent infant malaria or immune sensitization occurring as a consequence of congenital infection. A further explanation is that transplacental transport of iron is disturbed by pathological changes of the syncytiotrophoblast with placental malaria. Although there is general agreement that iron is bound to transferrin at the maternal side of the placenta, very little is known about how iron is subsequently transported across the syncytiotrophoblast (Srai et al., 2002; Fuchs and Ellinger, 2004; Brabin et al., 2004a) . Seasonal factors could also alter anaemia risk, but in view of the short study duration it was not possible to assess these. As mothers in this study delivered in hospital, they do not represent the majority of women who deliver at home where both maternal and infant anaemia prevalence may be much higher.
A total of 13% of Zambian NBW infants had fetal anaemia. These infants had significantly higher mean ZPP values than those with no fetal anaemia, indicating poorer iron status. Fetal anaemia is rare in affluent countries and is mostly caused by red cell alloimmunization, parvovirus infection or chronic fetomaternal haemorrhage. In poor-resource countries, fetal anaemia is more common and is associated with severe maternal iron deficiency anaemia. In malarious areas the degree of fetal anaemia is out of proportion to the level of maternal anaemia and is likely to relate to the density of placental malaria as well as the risk of developing infant anaemia (Brabin, 1992; Brabin et al., 2004b) . Glucose-6-phosphate dehydrogenase deficiency (G6PDD) might contribute to fetal anaemia. It is reported as occurring in 23.5% (95% CI: 16.7, 30.1%) of Malawian infants (Brabin et al., 2004) .
We used ZPP levels at birth as a proxy for total body iron contents, and found that NBW Zambian infants already had low iron stores at birth. Although ZPP has the advantage of low cost and simplicity, its specificity may be low as it can be increased by malaria and other infections, chronic inflammation and haemoglobinopathies (Stoltzfus et al., 2000; Asobayire et al., 2001) , which may have led to overestimation of ZPP values at 6 months, when a small number of infants had positive malaria smears (13%).
In conclusion, Zambian NBW infants are born with low iron stores and have a high risk to develop iron deficiency anaemia in their first 6 months of life. Continuation of exclusive breastfeeding after 4 months could reduce this risk compared to earlier introduction of complementary foods. The importance of these findings for evaluation and introduction of nutritional interventions to reduce infant anaemia risk needs to be assessed in particular in the context of traditional feeding practices and exclusive breastfeeding, as the proportion of exclusively breastfed infants remains persistently low in many African countries (Jones et al., 2003) .
